Activation of myosin-ATPase by irradiated histidine was studied. The kinetic constant and the optimum pH for the activated enzyme were found to be different from those of non-activated enzyme. An activating agent was separated from the irradiated histidine solution, through a column chromatography on ion-exchange resin.
INTRODUCTION
and from those of other workers'-10) , it has been suggested that some kind of sulfhydryl-reactive substance which is effective in activating the myosin-ATPase is formed from histidine by irradiation and that sulfhydryl groups in myosin might be involved in the activation phe nomenon.
The present paper describes the properties of myosin-ATPase activated by irradiated histidine and the nature of the activating agent (s) formed from histidine by irradiation.
Comparative studies on the activating effect of irradiated histidine and other sulfhydryl reagents provide further confirmatory evidence for the acti vation mechanism of myosin-ATPase by irradiated histidine. 
MATERIAL AND METHODS
Enzyme preparation : Myosin-ATPase was prepared from rabbit muscle according to the method of Perry") with some modifications given in the previous paper'). The enzyme preparation was stored at O'C and diluted before use with 0.6M KC1 to a desired concentration. Assay method for ATPase. activity :
The assay of ATPase activity was carried out in the following reaction mixture, unless otherwise specified: 0.15M KC1, 4x 10-3M CaCl2, 3 x 10-3M ATP, 5 x 10-2M Tris-HC1 buffer, pH 9.1 and myosin (0.05-0.1 mg protein/ml), in a final volume of 2.0 ml. After incubation at 3TC for 10 min., the amount of inorganic phosphate formed was determined by the method of Lohmann and Jendrassik'2).
Protein determination :
The method of Lowry et al. 13) was employed. The standard curve for protein determination was calibrated from nitrogen of the myosin pre paration determined by micro-Kjeldahl method. Isolation of the activating agent :
Isolation of activating agent from irradiated histidine solution was carried out by using the column chromatographic technique for separation of basic amino acids14>. Five mM histidine in 0.6 M KC1 was irra diated with X-rays and 1 ml of the sample was applied to a column of Amberlite IR 120 (Na+ type, X8, 100-200 mesh, 9 mm x 12 mm). Stepwise elution was carried out using 0.2M acetate buffer, pH 4.25 followed by 0.35M acetate buffer, pH 5.0. The elution rate was maintained at 30 ml per hour and 3.0 ml of fractions were collected. Histidine determination :
The histidine content of each fraction was determined according to the method of Cocking and Yemm15>. The pH of the eluate (1.0 ml) was adjusted to 5 with 1 N NaOH, when necessary, and to the solution were added 2 ml of 0.2 M acetate buffer, pH 5.0 and 1.2 ml of KCN-ninhydrin solution. The mixture was heated in a boiling water bath for 15 min. After cooling, the volume of mixture was brought to 5 ml with 60% ethanol.
Optical density at 570 m, was determined spectrophotometrically. The imidazole group of histidine was determined by Pauli's reaction"). The mixture, containing 1 ml of the eluate, 0.4 ml of 1% sulfanilic acid in 10% HC1 and 0.4 ml of 5% NaNO2, was shaken vigorously and allowed to stand at room tempera ture for 30 min. After adding 1.2 ml of 20% Na2 CO.,, the mixture was again shaken for 10 sec. and 2 ml of ethanol was added.
The intensity of color developed was measured with a spectrophotometer at 570 m/-L. Reactivity to Folin's reagent : The mixture containing 2.5 ml of the eluate, 3 ml of 4% Na2CO3 and 0.5 ml of Folin's reagent") was incubated for 20 min. at 37°C. Reactivity was expressed as unit of optical density at 660 mµ. Peroxide determination :
The amount of peroxide in irradiated solution was measured by the method used for estimation of glucose with some modifications17>. To 0.5 ml of the solution to be examined was added 2.5 ml of the solution containing 0.6 mg of horse-radish peroxidase and 0.16 mg of o-dianisidine hydrochloride in 0.1 M phosphate buffer, pH 7.0 and the mixture was incubated for 15 min. at 37°C. The color produced was stabilized by addition of 2.5 ml of 18 N H2SO4. The intensity of red color developed was measured as 530 m,L. The amount of peroxide was expressed as hydrogen peroxide equivalent. Sulfhydryl group determination :
The amount of the sulfhydryl group was deter mined by the following two methods : (a) by the spectrophotometric procedure of Boyer18) for the sulfhydryl group of myosin ; (b) by Ellman's DTNB method") for the sulfhydryl group of myosin and cysteine.
Irradiation :
The irradiation of the myosin and histidine solution was carried out at 0°C with a 200 kV Toshiba X-ray apparatus, operating at 15 mA, filltered through 1.0 mm aluminium, with a dose rate of 400 R per min.
Other conditions were the same as described previously').
A part of irradiation was performed by 60Co r-ray source at a dose rate of 6.4 kR per min.
Chemicals :
ATP, horse-radish peroxidase, o-dianisidine, histidine, tris-(hydroxy methyl) amino methane and cysteine were purchased from Sigma Chem. Co. The DTNB was the product of Aldrich Chem. Co.
RESULTS
Properties of the activated ATPase :
As reported previously'), the activation of myosin-ATPase is produced by the addition of irradiated histidine to an unirradiated myosin solution.
Therefore, it seems probable that some changes are taking place in the properties of the enzyme. As shown in Fig. 1 -a, the optimum pH of the activated ATPase shifts from pH 6.2 to 7.0. The Lineweaver-Burk plots for the activated ATPase are shown in Fig. 1-b Solid circles represent ninhydrin-positive substance expressed as histidine equivalent.
Open circles represent the activating effect of each fraction expressed as relative ATPase activity.
ATPase activity was deter mined after incubation of myosin (0.14 mg/ml) with each fraction in 0.05 M histidine buffer, pH 6.2 for about 15 hours at 0°C. Nature of the activating agent :
In order to know the nature of the activating agent, its isolation from the irradiated histidine has been attempted.
Irradiated hist idine solution was subjected to ion-exchange column chromato graphy as described in "Met hods". Each eluate was analyzed for ninhydrin reactive substance (histidine and its derivatives), and also for the presence of acti vating agent on ATPase. As can be seen from the figure, a peak of fractions having the activating effect on ATPase (first small peak) is well separated from the second peak of unknown nature and from the unchanged histidine fractions (third large peak).
It was also found that the fractions having the activating effect react with sulfhydryl groups. The histidine equivalent of the first small peak was calculated to be about 1 to 2% of the original histidine solution.
Unlike histidine itself, the first small peak was negative to diazo reagent, but it exhibited a strong reducing action on Folin's reagent ( Fig. 3 -a and -b). Histidine solution was irra diated and kept at 0°C (I), 3TC (II) and 100°C (III) for 30 min., respec tively. Spectra in 0.1 N NaOH. Fig. 4 -a shows the ultraviolet absorption spectra of irradiated and unirradiated histidine.
In an alkaline medium the spectrum of irrdiated histidine shows a rather broad shoulder at about 265 ma and has a higher extinction over the wide range of wave length examined. Fig. 4 done under aerobic conditions, it seems likely that histidine peroxide is also produced together with hydroxyhistidine. As a first step to ascertain the above inference, the production of sulfhydryl-reactive substance from histidine by irradiation (as a measure for peroxide formaton) was examined both under aerobic and anaerobic conditions.
As seen from Table 2 , a sulfhydryl-reactive substance was produced only when histidine solution was irradiated under aerobic conditions.
The formation of a small amount of the substance under anaerobic conditions might be due to the presence of a trace of oxygen. Table 2 also shows that the amount of peroxide by irradiation is much higher under aerobic conditions than under anaerobic . Next, the amount of peroxide produced by irradiation was compared in histidine solution and distilled water.
In both cases the amount increased with increasing dose of X-rays, but no marked difference could be observed in the amount of peroxide formed ( Fig. 5-a) , although a marked difference was observed in their reactivities with sulfhydryl group of cysteine ( Fig. 5-b) . In a separate experiment using the column chromatography, it was also found that the peroxide was present in a first small peak containing the activating agent(s). To distinguish between peroxide formed by irradiation of histidine and of distilled water, the amount of peroxide formed and the reactivity to sulfhydryl group were determined after allowing them to stand at various temperatures. As seen from Table 3 , at O'C-incubation the molar ratio of the decreased sulfhydryl group of cysteine to peroxide formed in the irradiated histidine solution was about three time higher than that of irradiated distilled water. The ratio was diminished by incubation at 37°C in the case of irradiated histidine, while the ratio in irradiated distilled water was not affected much by incubation at 37°C or 100°C. A solution of hydrogen peroxide exhibited heat stability similar to that of irradiated water. These results suggest that peroxide formed from histidine by irradiation may not be hydrogen peroxide itself, but rather a peroxide of histidine. Table  2 . Oxygen effect on the formation of sulfhydryl-reactive substance from irradiated histidine * Histidine (5 mM , pH 6.2) in 0.6 M KCl solution was irradiated with 48 kR of X-rays under aerobic or anaerobic condition. ** One ml of irradiated solution was incubated with 1 ml of 170 PM cysteine in 15 mM histidine buffer, pH 6.2, in a final volume of 3.0 ml under aerobic condition at 0°C for 3 hours and then the amount of sulfhydryl groups unreacted was determined by DTNB-method. X-rays and allowed to stand for 1 hour at 0°C, 37°C and 100°C, respectively. ** The amount of peroxide was estimated immediately after standing . *** After incubation of 1 ml of resulting solution with 1 ml of 170 feM cysteine at 0°C for 3 hours in 15 mM histidine buffer, pH 6.2, in a final volume of 3.0 ml, the amount of sulfhydryl groups unreacted was determined. Fig. 6 -a shows the changes in the amount of peroxide in the irradiated histidine solution, occurring at 0°C after the addition of a low concen tration of cysteine.
The amount de creased rapidly upon the addition, but it recovered slowly on further in cubation. Corresponding to such a change in the amount of peroxide, most of the sulfhydryl group of cysteine added disappeared rapidly in the first phase and later only very slowly.
The second addition of cyst eine to incubation mixture containing the recovered peroxide, (1 hour after the first addition), caused again a rapid drop in the amounts of peroxide formed, and an appreciable amount of cysteine added also disappeared rapid ly. In this case, however, the recovery of peroxide diminished to about 20% of that observed after the first addition.
In the absence of cysteine, the amount of peroxide in the irradiated histidine solution decreases very slowly. When cysteine was added to irradiated distilled water (Fig. 6-b) or to a solution of hydrogen peroxide ( Fig. 6--c) , an initial decrease was also observed, but the recovery of peroxide could not be seen during incubation.
From these results it is conceivable that on irradiation a peroxide of histidine which reacts strongly with the sulfhydryl groups of cysteine is produced together with an intermediate which also reacts with cysteine and thus results in the formation of peroxide. Comparison of the activating effect of irradiated histidine and that of sulfhydryl reagents on myosin-ATPase :
Since the study of Kielley and Bradley (2), it is well known that the effect of PCMB on the activity of myosin-ATPase is biphasic. In the range of lower concentration of PCMB, the activity increases with increasing concent ration and reaches a maximum when 50% of sulfhydryl groups in myosin, 5 The final con centration of the enzyme was 0.12 mg protein per ml. After incubation at 0°C for 20 hours, the ATPase activity was assayed. To determine sulfhydryl groups, Tris-HC1 buffer, pH 8.0 and 0.05 ml of DTNB were added to the incubation mixture.
At the end of 1 hour at 0°C, sulfhydryl groups were determined.
The concentration of irradiated histidine in abscissa was expressed as histidine equivalent amount. 0 : ATPase activity.
• : The amount of sulfhydryl groups. Fig. 8 NEM-treated myosin:
Myosin (9.2 mg protein/ml) was incubated at 0°C for 30 min. with NEM (0.5 pmole/ml) in 0.6 M KC1 containing 25 mM Tris-histidine buffer, pH 7.0, in a final volume of 5.0 ml; to remove excess NEM, 5 mM J -mercaptoethanol was added.
The mixture was diluted with 10 volumes of distilled water and centrifuged at 10,000 g for 15 min. The resulting precipitate was washed twice with 10 volumes of distilled water. The washed precipitate was dissolved in 20 ml of 0.6 M KCI. An aliquot of the solution was incubated with equal volume of irradiated histidine solution at 0°C. Curve 1:
ATPase activity of NEM treated myosin in the presence of Ca 21 . Histidine 2-14C in 0.6 M KCl (0.21tCi/ml, pH 6.2) was irradiated with 72 kR of X-rays and allowed to stand for 1 hour at 0°C and 37°C, respectively. Myosin (3.9 mg protein/ml) was in cubated at 0°C for 20 hours with irra diated histidine of varied concentrations. An aliquot of the reaction mixture was subjected to determination of sulfhydryl groups.
To the remainder was added 5/ trichloroacetic acid (TCA) and re sulting precipitate was washed three times with 1 % TCA. The radioactivity of the washed precipitate was deter mined with a gas flow counter. A, •: The amount of sulfhydryl groups. A, 0: The amount of binding as hist idine equivalent.
DISCUSSION
In the present study, the activation of myosin-ATPase by irradiated his tidine has been examined.
All results obtained are consistent with the idea that histidine is converted by irradia tion into some type of activating agent for myosin-ATPase and the activation is produced by the interaction of the activating agent with sulfhydryl groups of myosin. It has also been shown that the activating agent in question would not be hydrogen peroxide, but a radiation induced peroxide of histidine. This is based on the following observations :
(a) Peroxide formed from irradiated histidine is different from that formed from irradiated distilled water and hydrogen peroxide in the reactivity to sulfhydryl groups and in heat stability. (b) An activating agent which is also reactive to sulfhydryl groups can be isolated from irradiated histidine solution through a column chromatography on ion-exchange resin. Judging from its strong reactivity to Folin's reagent and spectral characteristics, the active substance was first supposed to be hydroxyhistidine.
However, the hydroxyhistidine might be regarded as a relatively stable end product which was derived from a more labile radiation product, presumably a peroxide. The fact that reactivity with Folin's reagent and absorption at 265mµ of the irradiated histidine increase on heating, accompanied by a decrease in the activating ability on myosin-ATPase, strongly supports this view.
Scholes et at21>. and Latarjet group20, [22] [23] [24] has reported that irradiation of pyrimidines in aqueous solution under aerobic conditions causes hydroxyhydro peroxidation at C5-C6 bond of pyrimidine ring. Since both irradiated histidine and imidazole are effective in activating myosin ATPase1>, it seems reasonable to assume that by irradiation of these compounds hydrxyhydrope roxidation takes place at the C4-C5 bond of imidazole ring and leads to the formation of histidine (or imidazole) hydroxyhydroperoxide.
As shown in Fig. 6 -a, peroxide in the irradiated histidine solution is rapidly decomposed by the addition of a definite amount of cysteine and then recovery occurs on further incubation. Hence, there is the possibility that either the hydroxyhydrohistidyl radical or the hydroxyhydrope roxyhistidyl radical or both might be produced prior to the formation of hydroxyhydroperoxide20>. In the comparative studies, it has been found that the effects of irradiated histidine on myosin-ATPase are very similar to those of sulfhydryl reagents : (a) Irradiated histidine shows an additive effect with PCMB on the ATPase activity ;
(b) titration of myosin with irradiated histidine shows a biphasic curve, accompanied by a decrease in the amount of sulfhydryl groups of myosin; (c) Ca 2+-ATPase fully activated by NEM is inhibited by further addition of irradiated histidine ; (d) As was found in the case of NEMB>, irradiated histidine inhibits the EDTA-activated ATPase.
From the studies of the effect of NEM on EDTA-activated ATPase, Sekine25) has recently shown that a sulfhydryl group in the active site of myosin molecule, an allosteric site, is concerned with the conformation of the molecule, whereas another sulfhydryl group in the catalytic site is essential for the catalytic action of the enzyme.
From this and from observations described above, it maybe conclude that an organic peroxide is formed from histidine on irradiation, and that this attacks the sulfhydryl group of the allosteric site of myosin thus causing a new conformation which would facilitate the action of the enzyme, leading to an acti vation of myosin-ATPase.
However, it appears from Fig. 10 that disappearance of the sulfhydryl groups of myosin caused by irradiated histidine may not be ascribed to binding, but to oxidation of sulfhydryl groups by peroxide. On the other hand, it is well known that PCMB or NEM is a covalent bond-forming sulfhydryl reagent.
Thus it is likely that the conformational change of myosin produced by these reagents may differ from that induced by irradiated histidine.
ACKNOWLEDGEMENT
The author expresses her gratitude to Prof. Y. Akita of Tokyo University for his guidance and criticism throughout the work. She is also indebted to Prof. M.
